Telomerase copies its internal RNA template to synthesize telomeric DNA repeats. Unlike other polymerases, telomerase can retain its single-stranded product through multiple rounds of template dissociation and repositioning to accomplish repeat addition processivity (RAP). Tetrahymena telomerase holoenzyme RAP depends on a subunit, Teb1, with autonomous DNA-binding activity. Sequence homology and domain modeling suggest that Teb1 is a paralog of RPA70C, the largest subunit of the single-stranded DNA-binding factor replication protein (RPA), but unlike RPA, Teb1 binds DNA with high specificity for telomeric repeats. To understand the structural basis and significance of telomeric-repeat DNA recognition by Teb1, we solved crystal structures of three proposed Teb1 DNA-binding domains and defined amino acids of each domain that contribute to DNA interaction. Our studies indicate that two central Teb1 DNAbinding oligonucleotide/oligosaccharide-binding-fold domains, Teb1A and Teb1B, achieve high affinity and selectivity of telomericrepeat recognition by principles similar to the telomere end-capping protein POT1 (protection of telomeres 1). An additional C-terminal Teb1 oligonucleotide/oligosaccharide-binding-fold domain, Teb1C, has features shared with the RPA70 C-terminal domain including a putative direct DNA-binding surface that is critical for high-RAP activity of reconstituted holoenzyme. The Teb1C zinc ribbon motif does not contribute to DNA binding but is nonetheless required for high-RAP activity, perhaps contributing to Teb1 physical association with the remainder of the holoenzyme. Our results suggest the biological model that high-affinity DNA binding by Teb1AB recruits holoenzyme to telomeres and subsequent Teb1C-DNA association traps product in a sliding-clamp-like manner that does not require high-affinity DNA binding for high stability of enzyme-product association.
Telomerase copies its internal RNA template to synthesize telomeric DNA repeats. Unlike other polymerases, telomerase can retain its single-stranded product through multiple rounds of template dissociation and repositioning to accomplish repeat addition processivity (RAP). Tetrahymena telomerase holoenzyme RAP depends on a subunit, Teb1, with autonomous DNA-binding activity. Sequence homology and domain modeling suggest that Teb1 is a paralog of RPA70C, the largest subunit of the single-stranded DNA-binding factor replication protein (RPA), but unlike RPA, Teb1 binds DNA with high specificity for telomeric repeats. To understand the structural basis and significance of telomeric-repeat DNA recognition by Teb1, we solved crystal structures of three proposed Teb1 DNA-binding domains and defined amino acids of each domain that contribute to DNA interaction. Our studies indicate that two central Teb1 DNAbinding oligonucleotide/oligosaccharide-binding-fold domains, Teb1A and Teb1B, achieve high affinity and selectivity of telomericrepeat recognition by principles similar to the telomere end-capping protein POT1 (protection of telomeres 1). An additional C-terminal Teb1 oligonucleotide/oligosaccharide-binding-fold domain, Teb1C, has features shared with the RPA70 C-terminal domain including a putative direct DNA-binding surface that is critical for high-RAP activity of reconstituted holoenzyme. The Teb1C zinc ribbon motif does not contribute to DNA binding but is nonetheless required for high-RAP activity, perhaps contributing to Teb1 physical association with the remainder of the holoenzyme. Our results suggest the biological model that high-affinity DNA binding by Teb1AB recruits holoenzyme to telomeres and subsequent Teb1C-DNA association traps product in a sliding-clamp-like manner that does not require high-affinity DNA binding for high stability of enzyme-product association. E ukaryotic genome stability requires proteins that bind at chromosome ends by direct recognition of telomeric-repeat DNA, including protein(s) that protect the 3′ single-stranded overhang (1) . Principles that underlie the telomeric-repeat ssDNA-binding specificity of chromosome end-capping proteins have been illuminated through a combination of structure determination and structure-based functional analyses (2, 3) . Although the telomeric ssDNA-binding proteins characterized to date all recognize G-rich repeat sequences, the structural determinants of interaction specificity can vary, such that end-binding complexes from different organisms have unique dependencies on a precise length or register of repeat sequence or in the requirement for DNA self-recognition by intramolecular folding. One common theme in telomericrepeat ssDNA recognition, as in ssDNA recognition in general, is the display of specificity-determining protein side chains on the surface of an oligonucleotide/oligosaccharide-binding (OB)-fold domain (4) (5) (6) .
Telomeric-repeat ssDNA is also bound by telomerase, in part by base pairing with the template of telomerase RNA and in part by contacting telomerase reverse transcriptase and other subunits within a biologically functional telomerase holoenzyme (7, 8) . In yeast and human cells, the telomerase-interacting proteins that contact DNA with high affinity may not be telomerase-specific. Instead, end-capping telomeric-repeat ssDNA-binding proteins have dual functionality: In S-phase, they recruit telomerase and potentially become assembled into an elongating form of telomerase holoenzyme, but throughout most of the cell cycle they insulate the 3′ overhang from processing (8) . In contrast, Tetrahymena has a devoted telomerase holoenzyme subunit with telomeric-repeat ssDNA-binding activity termed Teb1, which based on overexpression and depletion phenotypes appears to compete directly with the end-capping protein Pot1a for telomere binding (9, 10) . Teb1 association with the Tetrahymena telomerase catalytic core requires a telomerase-specific telomere adaptor subcomplex (TASC) and converts the limited repeat addition processivity (RAP) of the catalytic core with TASC to the high product interaction stability and high RAP of endogenously assembled holoenzyme (10, 11) .
Recombinant Teb1 has subnanomolar affinity for its preferred permutation of an 18-nt telomeric-repeat ssDNA (10, 11) . Curiously, even though sequence homology and domain modeling suggest that Teb1 is a paralog of the largest subunit of the general ssDNA-binding factor replication protein (RPA) (the Rpa1 or human RPA70 subunit), Teb1 does not detectably bind ssDNAs lacking Tetrahymena T 2 G 4 telomeric repeats (10, 11) . To investigate the structural basis for the high sequence specificity of Teb1 ssDNA binding, we solved crystal structures of its three proposed ssDNA-binding domains and defined domain interfaces of DNA interaction. We also tested structural requirements for Teb1 function as a telomerase processivity factor, revealing a particularly critical role for a surface of the Teb1 C-terminal OB fold that contributes weakly to the overall affinity of Teb1-DNA interaction.
Results
Characterization of Teb1 High-Affinity ssDNA-Binding Domains. Tetrahymena Teb1 is a telomerase-specific protein with a domain orga- This article is a PNAS Direct Submission. M.J.C. is a guest editor invited by the Editorial Board.
Data deposition: The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 3U4V, 3U4Z, 3U50, and 3U58). nization similar to RPA70 (10). For simplicity, the predicted OB folds of Teb1 are designated as Teb1N, Teb1A, Teb1B, and Teb1C in order from the N to C terminus according to the RPA70 convention (Fig. 1A ). Teb1A and Teb1B were previously shown to bind specifically to the G-rich strand of Tetrahymena telomeric repeats (11) . To further assess the ssDNA-binding activity of Teb1AB (Teb1 residues 187-504), we tested its binding to a panel of ssDNAs by electrophoretic mobility shift assay (EMSA). Efficient binding to Teb1AB required a ssDNA of 10 nt or longer including the core telomeric-repeat sequence GGGTTGGGGT (tT10). Removal of a single nucleotide from either end of tT10 greatly weakened protein-DNA interaction (Fig. S1 ). This Teb1AB requirement for a 10-nt length and specific sequence of telomeric-repeat ssDNA notably parallels the requirements for telomeric-repeat ssDNA recognition by the tandem OB-fold domains of human POT1 (protection of telomeres 1) (12) .
To understand how Teb1AB recognizes telomeric ssDNA, we first determined the crystal structures of Teb1A and Teb1B individually using single-wavelength anomalous dispersion (SAD) and refined to resolutions of 1.8 and 2.3 Å, respectively (Table S1 ). Next, we engineered a Teb1AB mutant (Teb1AΔB) with a deletion of the loop (residues 315-374) between Teb1A and Teb1B. We reconstituted and crystallized the complex of Teb1AΔB with tT10 and determined the complex structure at a resolution of 2.6 Å by molecular replacement (Table S1 ). Four nucleotides at the tT10 5′ end that bind to Teb1A were highly ordered in the crystals ( Table S1 ).
The Teb1A-ssDNA Interface. As predicted, the structure of Teb1A reveals that it adopts an OB fold consisting of a highly curved five-stranded antiparallel β-barrel (Fig. 1B) . In addition to the β-barrel, Teb1A contains an N-terminal extended loop covering one end of the β-barrel (Fig. 1B) . The other end of the β-barrel is closed by a short helix between strands β3 and β4. The ordered region of ssDNA G1G2G3T4 (Fig. 1C and Fig. S2 ) binds into a concave basic groove of Teb1A formed by one side of the β-barrel and two protruding loops, L 12 (between strands β1 and β2) and L 45 (between strands β4 and β5).
The ssDNA adopts an irregular, extended conformation with its backbone exposed to solvent and its bases buried in a solventexcluded contact area (Fig. 1C) . The overall configuration of the ssDNA is defined by two sets of stacking interactions between the bases of the ssDNA and aromatic residues of Teb1A: The base of G2 stacks against W267, and the base of T4 packs onto the phenol ring of F251 (Fig. 1D) . The side chains of both F251 and W267 are not only important for ssDNA binding but are also essential for the stability of Teb1A folding, because attempts to purify the F251A and W267A amino acid substitution variants of Teb1A only yielded insoluble products. G3 does not stack with any residue of Teb1A. Instead, the base of G3 together with that of T4 and the phenol ring of F293 form a hydrophobic cluster that appears to stabilize the Teb1A-ssDNA interaction (Fig. 1D) . Consistent with this conclusion, alanine substitution of F293 led to a complete loss of Teb1A-ssDNA binding (Fig. 1E) . In addition to the bases, the backbone of the ssDNA also contributes to Teb1A binding. The deoxyribose ring and the phosphate group of G1 cover the base of G2 in a buried environment, whereas the backbones of G3 and T4 sit on a hydrophobic platform formed by the side chains of F241 and Y249 from L 12 of Teb1A (Fig. 1D) . Notably, the phosphate group of T4 also accepts a hydrogen bond from the side chain of Y249 (Fig. 1D) . Consistent with the crystal structure, removal of the ssDNA G1 or alanine substitution of Teb1 F241 or Y249 greatly weakened protein-ssDNA interaction ( Fig. 1E and Fig. S1 ).
In addition to these interactions, Teb1A also makes extensive sequence-specific contacts with the ssDNA through a total of 10 hydrogen bonds (Fig. 1D) . These hydrogen-bonding interactions are entirely mediated by the Watson-Crick donor/acceptor groups of the bases of G2-T4 and Teb1A residues located on the surface of the ssDNA-binding groove. Amino acid substitutions of any of the ssDNA-interacting residues of Teb1A either greatly weakened or completely abolished the interaction of Teb1A with ssDNA (Fig. 1E) . The edge of the base of G3 is surrounded with four hydrogen-bonding interactions that provide highly sequence-specific recognition of G3 (Fig. 1D) . Notably, one of these hydrogen bonds involves a non-Watson-Crick base pair between the 2-amino group of G3 and the 4-carbonyl group of T4. This unusual base-pairing interaction links G3 and T4 together and allows them as a single unit to interact with Teb1A with high sequence specificity. The same sort of DNA "self-recognition" interaction also occurs with the bases of G1-T4 in the structure of the Schizosaccharomyces pombe Pot1pN-ssDNA complex (13). Crystal Structure of Teb1B and Determination of Its Requirements for ssDNA Binding. Similar to Teb1A, the structure of Teb1B showed it to be a single OB fold (Fig. 2A) . The OB fold of Teb1B is slightly deformed by a very short loop L 12 , so that the canonical ssDNAbinding groove is much shallower than that in Teb1A (compare Fig. 1B with Fig. 2A ). Nonetheless, our previous studies indicated that Teb1B is a ssDNA-binding module of Teb1 (11) and the surface of the putative ssDNA-binding groove is highly positively charged (Fig. 2B) . Close inspection of this surface (Fig. 2 A and B) reveals two conserved aromatic residues F423 and Y450 that, in other ssDNA-binding OB-fold domains including those of RPA70 (14) , mediate stacking interactions with ssDNA bases. Alanine substitution of either of these residues in Teb1B led to an approximately fivefold decrease Teb1AB ssDNA-binding affinity as determined by filter binding (Fig. 2C) . Two additional aromatic residues Y388 and H461 on the edge of the predicted ssDNA-binding surface also play important roles in Teb1AB-ssDNA interaction (Fig. 2 A and C) . In addition to these aromatic residues, a cluster of positively charged residues on the ssDNA-binding surface could contribute to ssDNA contact ( Fig. 2 A and B) . Individual alanine substitutions were introduced for five positively charged residues (K403A, R406A, K408A, K419A, and K457A), which, with the exception of K408A, reduced ssDNA binding (Fig. 2C ). Together these results confirm that Teb1B utilizes a similar OB-fold surface for ssDNA binding as Teb1A.
Overall our findings above suggest that the mechanism of telomeric-repeat ssDNA recognition by Teb1AB has parallels with ssDNA recognition by the two N-terminal OB folds of human POT1 (hereafter designated POT1AB) and less similarity with ssDNA recognition by RPA70AB (Fig. S3) . First, Teb1A (Fig. 1) and POT1AB (12) employ an extensive network of electrostatic interactions to sequence-specifically recognize their cognate telomeric-repeat ssDNAs. In contrast, most of the electrostatic contacts observed in the RPA70AB-ssDNA complex are sequencenonspecific interactions with the ssDNA backbone (14) . Second, in addition to the aromatic residues that are common to ssDNAbinding OB folds (5), represented by W267 and F293 in Teb1A and F423 and Y450 in Teb1B, Teb1AB has three key ssDNA-binding residues analogous to ssDNA-binding residues of POT1AB (Y236, Y388, and H461 in Teb1AB; F31, Y161, and Y271 in POT1AB) that are not similarly represented in RPA70AB (Fig. S3) . In PO-T1AB, all three of these residues mediate stacking interactions with ssDNA bases (12) . Substitution of Teb1AB Y388 or H461 weakened ssDNA binding (Fig. 2C) , supporting a role for these two residues in Teb1-ssDNA interaction. Based on these observations, we propose that similar to ssDNA recognition by POT1AB (12) , each of the Teb1AB OB-fold domains contacts 4-5 nt to establish the overall sequence-specificity of ssDNA binding (Fig. 2 D 
and E).
Crystal Structure of Teb1C. In contrast to Teb1A and Teb1B, Teb1C (Teb1 residues 505-701) by itself exhibited no detectable ssDNAbinding activity (11) . However, the C-terminal half of Teb1 including both Teb1B and Teb1C (Teb1BC, residues 324-701) showed improved DNA-binding affinity compared to Teb1B alone, suggesting that Teb1C could contribute weak ssDNA binding. Teb1C also functions as a processivity factor, dramatically increasing telomerase holoenzyme RAP (11) . To investigate the structural basis of Teb1C ssDNA-binding and processivity-factor activities, we solved its crystal structure using SAD and a platinum derivative (K 2 PtCl 6 ) at a resolution of 2.5 Å. The final model contains Teb1 residues 511-678 with good geometry (Table S1 ).
The crystal structure of the Teb1C OB-fold domain (Fig. 3A ) closely resembles that of RPA70C (Fig. 3B) , with an rmsd value of 2.1 Å between them. The structural conservation includes not only the central β-barrel of the OB fold but also peripheral structural elements. First, both Teb1C and RPA70C contain a zinc ribbon motif embedded in the OB fold between strands β1 and β2 (Fig. 3 A and B) . Second, in both structures, a large three-helix insertion between strands β3 and β4 (αB-αC-αD in Teb1C) caps the bottom of the OB fold while an α-helix (αA in Teb1C) covers the top (Fig. 3B) . Deviating from this conservation, Teb1C and RPA70C structures differ at their extreme C termini. The C-terminal helix in RPA70C protrudes away from the β-barrel core to interact with the other two components of the RPA complex, RPA32 and RPA14, through an intermolecular three-helix bundle (15) . Teb1C structures were the same with or without the region corresponding to the RPA70 C-terminal helix included, suggesting that either Teb1C lacks a C-terminal helix or it is not ordered in the crystal (Fig. 3B) . This difference from RPA70C can account for how Teb1 avoids assembly with subunits of Tetrahymena RPA and why truncation of the extreme C terminus of Teb1 did not prevent its function as a processivity factor (10, 11). Structural Requirements for Teb1C Activities. Surface electrostatic potential analysis of Teb1C revealed a highly positively charged patch suggestive of a potential site for ssDNA binding (Fig. 3C) . To examine whether this surface contributes to the ssDNA-binding activity of Teb1BC, we introduced individual substitutions of positively charged or hydrophobic residues and assessed their effects on ssDNA binding by EMSA (Fig. 4A) . The presence of Teb1C increases Teb1BC affinity for ssDNA by roughly 10-fold compared to Teb1B alone (11) . Teb1C domain substitutions F603A and K660A imposed the most significant loss of binding affinity (K d change of more than sixfold, calculated using the free DNA signal), and alanine substitutions of K532, R554, R588, K560, and M601 also reduced Teb1BC-ssDNA interaction (Fig. 4A) . These results confirm that the positively charged surface of the Teb1C OB-fold domain does indeed contribute to ssDNA interaction. Given that an optimal ssDNA-binding site for full-length Teb1 contains at least 18 nt (10, 11) and that Teb1AB recognizes two telomeric repeats (Fig. S1) , it is likely that, in the context of full-length Teb1, Teb1C is responsible for interaction with the third telomeric repeat. However, an indirect effect of Teb1C on Teb1B-ssDNA interaction has not been excluded.
To address the mechanism of Teb1-dependent RAP, we investigated whether the ssDNA-binding activity of Teb1C is required using a previously established telomerase holoenzyme reconstitution system (11) . We combined the recombinant Tetrahymena telomerase ribonucleoprotein (RNP) catalytic core produced in rabbit reticulocyte lysate with TASC isolated from Tetrahymena and Teb1BC purified from Escherichia coli. Individual amino acid substitutions within the Teb1C domain inhibited high-RAP activity reconstitution in a manner that generally paralleled the severity of the introduced ssDNA-binding defect: The F603A and K660A substitutions with the greatest impact on ssDNA binding also imposed the largest defect in high-RAP activity reconstitution (Fig. 4B ).
Teb1C and RPA70C harbor a zinc ribbon motif comprised of a three-stranded antiparallel β-sheet with a coordinated zinc ion ( Fig. 3 A and B) . We deleted this zinc ribbon motif (Teb1 residues 555-581) in the soluble Teb1BCΔ555-581 purified from E. coli. Gel filtration analysis showed that Teb1BCΔ555-581 was a wellbehaved protein in solution, suggesting that the zinc ribbon motif is not required for stability of the Teb1C OB fold. Despite a complete lack of impact on Teb1BC ssDNA binding (Fig. 4A) , removing the Teb1C zinc ribbon motif greatly reduced Teb1BC function as a processivity factor (Fig. 4B) . As a working model, we suggest that the zinc ribbon motif directly or indirectly contributes to the physical association of Teb1C with other telomerase holoenzyme subunits, including the TASC subunits required for bridging Teb1 to the RNP catalytic core.
Discussion
Telomerase function involves only transient association with telomeric DNA, whereas end-capping factors such as POT1 or the ciliate telomere end-binding protein heterodimer protect chromosome ends from inappropriate degradation or repair reactions throughout the cell cycle. Nonetheless, the initial recruitment of telomerase or an end-capping factor to the telomere would share a requirement for discrimination of telomeric-repeat DNA from the vast excess of other DNA present in a cell. Here we show that the two OB-fold domains of Teb1AB together recognize telomeric-sequence ssDNA with a dependence on repeat permutation and length that is comparable to ssDNA recognition by human POT1. We suggest that the double OB fold is a convergent evolutionary solution for biologically selective discrimination of Tetrahymena T 2 G 4 or human T 2 AG 3 repeats.
In contrast to the ssDNA-binding domains of Teb1AB or POT1, Teb1C has sizeable structural elaborations added to the OB fold and provides only a weak stimulation of ssDNA interaction. We show that Teb1C ssDNA-binding activity and also its zinc ribbon motif play a critical role in promoting the high-RAP activity of Tetrahymena telomerase holoenzyme. We suggest that ssDNA contact by Teb1C is sufficient to support an initial threading of ssDNA through a cleft or channel in the high-RAP conformation of elongating holoenzyme that can then slide or translocate along the nascent product. This DNA threading would account for how high RAP is conferred without high-affinity ssDNA binding by the combination of Teb1C, TASC, and the RNP catalytic core. We propose that the initial recruitment of telomerase to G-rich telomeric-repeat tracts exposed as ssDNA by conventional DNA replication machinery involves Teb1AB recognition of telomeric repeats that are potentially somewhat internal to the extreme chromosome terminus. Subsequent capture of the chromosome 3′ end by the active site of the RNP catalytic core could then favor Teb1C-ssDNA contact and/or other changes in holoenzyme conformation associated with the gain of increased enzyme-DNA association stability. It is possible that interdomain coordination between Teb1AB and Teb1C is regulated in cellular context, potentially by the Teb1N domain and/ or additional factors (8) .
Materials and Methods
Teb1 polypeptides were expressed in N-terminal fusion to a His 6 or His 6 -SUMO tag. Detailed protocols for protein expression, purification, and crystallization as well as for determination of protein and protein-DNA complex structures are provided in SI Text. Electrophoretic mobility shift assays and telomerase activity assays were done as described previously (11), with additional details in the figure legends. Filter-binding experiments were performed in a 96-well dot blot apparatus essentially as described (16) using 5′-end-labeled oligonucleotide at 100-pM final concentration in a 50-μL total volume of binding buffer [20 mM Tris·HCl (pH 7.5), 1 mM DTT, and 150 mM 
